The order of reactivity (X = F < Cl < Br < I) determined for the reaction of the model nucleophile pinenylpotassium with halotrimethylsilanes XSi(CH 3 ) 3 in hexane and with halotriisopropylsilanes XSi( i C 3 H 7 ) 3 in tetrahydrofuran supports a single-step S N 2(Si) mechanism over the formation of a pentavalent intermediate. However, no leaving group effect is found (X = F ≈ Cl ≈ Br ≈ I) when the condensation of pinenylpotassium with halotrimethylsilanes is accomplished in tetrahydrofuran. Under such conditions the crucial event appears to be diffusion-controlled precomplex formation followed by rapid metal halide ejection.
Introduction
S N 2 nucleophilic substitutions are among the first reaction pathways taught in an organic chemistry course. Their most fascinating characteristics, such as the simultaneity ("concertedness") of bond-breaking and bond-making, can be probed in various ways by assessing leaving group effects on reaction rates and geometry changes, such as the Walden inversion of configuration at the exchange site.
Crowding at the reaction center compromises the S N 2 process. Secondary alkyl halides undergo substitution far more slowly than primary ones, let alone methyl halides, and we found only one case of unequivocal intermolecular nucleophilic displacement at a trialkyl-substituted carbon center 1 (substrates rather undergo β-elimination when attacked by an electron-rich species). In contrast, tertiary silyl halides can be subjected to nucleophilic substitution without any problem. The intriguing question is whether they employ the same S N 2 mode as the unbranched carba-analogs do. Although there are good reasons to assume this in at least a few typical cases, 2,3 addition-elimination sequences featuring a siliconate complex as the key intermediate are generally favored. [4] [5] [6] The involvement of positively charged silenium ions can be ruled out in apolar media 7 and perhaps even under solvolytic conditions. 8 The stereochemical course of the substitution occurring at silicon is not a very instructive criterion as inversion or retention of configuration is highly dependent on the nature of the substrate, leaving group, nucleophile and solvent.
9-14 Therefore, we hoped to gain new insight into the mechanism by determining the so far neglected effect of leaving groups on the substitution rates. To this end, we have carried out competition experiments using pinenylpotassium 15 as nucleophilic reagent and a series of halotrialkylsilanes XSiR 3 (X = F, Cl, Br, I; R = Me, i Pr). Pinenylpotassium could be obtained almost quantitatively by treating (-)-β-pinene with an equimolar mixture of butyllithium and potassium tert-butoxide, hence the choice of this nucleophile. Halotrialkylsilanes then react exclusively at the terminal α-position of the allylic unit (see Scheme 1).
Scheme 1.
Metalation of (-)-β-pinene and electrophilic interception with halotrialkylsilanes.
Results and Discussion
The reactions produced significantly different results depending on the medium in which they were performed. In hexane suspension, chlorotrimethylsilane reacted with pinenylpotassium six times faster than its fluoro analog and approximately three and four times more slowly than the bromo and iodo derivatives, respectively (see Table 1 ). When chlorotrimethylsilane was replaced by chlorotriethylsilane, the rate dropped by a factor of 19. However, in tetrahydrofuran solution, fluoro-, chloro-and bromotrimethylsilane exhibited strictly the same reactivity and only iodotrimethylsilane lagged a little behind. Also, chlorotriethylsilane reacted only 1.1 times more slowly than chlorotrimethylsilane ( Table 1 ). The increase in reactivity along the halogen series observed with halotrimethylsilanes in hexane was observed again in tetrahydrofuran with halotriisopropylsilanes. Fluorotriisopropylsilane was found to combine with pinenylpotassium four times more slowly than chlorotriisopropylsilane, whereas the bromo and iodo analogs reacted approximately twice as fast (see Table 1 ). The leaving group effect observed in hexane with halotrimethylsilanes (with rates varying by up to 25-fold) and in tetrahydrofuran with halotriisopropylsilanes (up to 8-fold rate increases along the halogen series) suggests an S N 2-like concerted displacement mechanism, in which the nucleofugal mobility of the halogen typically increases with its size. [16] [17] [18] [19] Conversely, the alternate associative addition/elimination route passing through a transient ate complex should markedly privilege the smaller elements chlorine and, in particular, fluorine [20] [21] [22] [23] due to the presence of a larger dipole between silicon and fluorine. As reviewed by Corriu, 13b four-or sixcenter processes of the type S N i(Si) are also unlikely, as (1) substitution of halotrialkylsilanes with allyllithiums proceed with inversion of configuration, thereby impeding on a cyclic transition state, and (2) increasingly polar solvents, which are expected to disrupt metal-halide interactions in a cyclic process, promote faster reactions and favour retention over inversion. Allylpotassiums are unlikely to behave differently. The leaving group effect surprisingly vanishes when pinenylpotassium are allowed to react with halotrimethylsilanes in tetrahydrofuran. Even more perplexing is the identical reactivity of small electrophiles from different families: the simultaneous exposure of pinenylpotassium to an excess of iodomethane and chlorotrimethylsilane afforded equal amounts of methylation and silylation products (i.e. their relative reaction rate constant is equal to 1.0). The same holds true for the competition between dimethyl sulfate and bis(trimethylsilyl) sulfate (see Scheme 2a). Albeit highly unusual, these results strongly hint at diffusion-controlled processes! [24] [25] [26] [27] [28] A final complication was encountered when pinenylpotassium was allowed to react with the mixed alkylation/silylation reagent methyl trimethylsilyl sulfate: the trimethylsilylated adduct was formed exclusively, with no trace of methyl attachment (Scheme 2b). This means one has to consider a two-stage scenario. First, the solvated organometallic substrate and the electrophilic reagent drift toward each other without experiencing any barrier, except perhaps an insignificant one when the solvation shell of the nucleophile opens to facilitate contact with the electrophile. Very favourable Coulombic attractions within the rearranged solvation shell then lead to irreversible pre-complexation, a mechanism reminiscent of gas phase chemistry. 29 Within this cavity, dozens or even hundreds of collisions may occur until a product-relevant event, the ultimate carbon-carbon or carbon-silicon linking, occurs. In such an intramolecular competition, the organometallic species can thus select between the different electrophilic sites available in the mixed reagent. The more electropositive surface potential at the silicon attack site along the Si-O bond, compared to the opposite methyl group, is likely responsible for the regioselectivity (+ 31 vs. +21 kcal/mol; see experimental section for details). In the case of a diffusion-controlled intermolecular competition between two electrophiles, such as iodomethane and chlorotrimethylsilane (see Scheme 2a), the solvation shell surrounding the allylpotassium is as likely to rearrange around either electrophile. As this event is irreversible and Coulombic forces keep reacting species together until substitution, relative reaction rates close to unity are to be expected.
Scheme 2.
Competitive electrophilic interceptions of pinenylpotassium (a) with the chlorotrimethylsilane/iodomethane and dimethyl sulfate/bis(trimethylsilyl) sulfate pairs of electrophiles, and (b) with methyl trimethylsilyl sulfate, intramolecularly.
Conclusions
We provided some support to an S N 2-like mechanism for the substitution of pinenylpotassium with halotrialkylsilanes, as increasing reaction rates are determined along the fluoro-, chloro-, bromo-and iodotriisopropylsilane series in tetrahydrofuran, and along the analogous halotrimethylsilane series in hexane. However, all halotrimethylsilanes react at the same rate in tetrahydrofuran. Intermolecular competition experiments between different families of electrophiles, such as dimethyl sulfate and bis(trimethylsilyl) sulfate, also returned relative substitution rates near unity, while in an intramolecular competition, pinenylpotassium attacked exclusively the trimethylsilyl moiety of the mixed electrophile methyl trimethylsilyl sulfate. These results are consistent with a diffusion-controlled, irreversible precomplex formation between electrophiles and the allylmetal within a solvation shell, followed by substitution. To the best of our knowledge, diffusion-controlled reactions between organometallic reagents and electrophiles have never been reported.
Experimental Section
General. For laboratory routine and abbreviations, see an earlier publication 30 6-dimethylbicyclo[3.1.1]hept-2-en-2-ylmethyl)silane (1a) . Butyllithium (50 mmol) in hexane (30 mL) was added to a solution of potassium tert-butoxide (5.6 g, 50 mmol) and (-)-β-pinene (8.0 mL, 6.8 g, 50 mmol) in tetrahydrofuran (50 mL) kept in a dry ice/toluene bath. After 6 h at -75 °C, chlorotrimethylsilane (6.3 mL, 5.4 g, 50 mmol) was transferred into the bright orange mixture. The reaction mixture turned into a white suspension immediately after addition, and its temperature was raised to 25 °C. Water (10 mL) was then added and the suspension was filtered. After the evaporation of the solvents, distillation afforded a colorless liquid; bp 50 -52 °C/ 
Competition kinetics
Four gas chromatography columns of different polarities were used to probe the concentrations of the substrates. We assume the relative rates k rel to be affected by an average error of 5% as long as the ratios do not exceed 10, and 10% for higher rates. Relative rate constants were calculated using the standard formula for competition kinetics between two substrates A and B (see equation 1) The peak areas of trimethyl-and triethylsilylated products 1a and 1b relative to that of the standard, are considered to represent the initial amounts of fluorotrimethylsilane and chlorotriethylsilane in the reaction mixture (see Table 3 ). A fine suspension of pinenylpotassium in hexane, prepared from equimolar amounts of (-)-β-pinene (0.32 mL, 0.27 g, 2.0 mmol), potassium tert-butoxide (0.22 g, 2.0 mmol) and butyllithium (2.0 mmol) in hexane (20 mL), was added to the solution of halotrialkylsilanes in the course of 15 min at 0 °C, under vigorous stirring. A sample (2.0 mL) was withdrawn again, washed with brine (10 mL) and the organic layer was analyzed by gas chromatography to quantify the amounts of trimethyl-and triethylsilylated derivatives 1a and 1b, and thus indirectly the amounts of unconsumed fluorotrimethylsilane and chlorotriethylsilane in the reaction mixture, followed by their relative rate constants k rel (Table 2) . Unequal detector sensitivities for the allylsilanes were corrected by calibration factors. The experiment was repeated by replacing fluorotrimethylsilane with chlorotrimethylsilane (0.26 mL, 0.22 g, 2.0 mmol). Chlorotriethylsilane (3.3 mL, 3.0 g, 20 mmol) was used in 10-fold excess when competing with bromotrimethylsilane (0.26 mL, 0.31 g, 2.0 mmol) and iodotrimethylsilane (0.27 mL, 0.40 g, 2.0 mmol) for pinenylpotassium (2.0 mmol). 
(b) Reactions of halotrimethylsilanes with pinenylpotassium in tetrahydrofuran
Competition experiments in tetrahydrofuran (see Table 3 ) were performed analogously as described above, albeit at -75 °C rather than at 0 °C. The solution of pinenylpotassium in tetrahydrofuran (20 mL) at -75 °C, prepared from equimolar amounts of (-)-β-pinene (0.32 mL, 0.27 g, 2.0 mmol), potassium tert-butoxide (0.22 g, 2.0 mmol) and butyllithium (2.0 mmol; from a 1.60 M solution in hexane, that was stripped of its solvent under high vacuum), was siphoned into the solution of halotrialkylsilanes in the course of 15 min. Table 2 footnotes. A precooled solution of pinenylpotassium in tetrahydrofuran (4.0 mL), prepared from equimolar amounts of (-)-β-pinene (0.32 mL, 0.27 g, 2.0 mmol), potassium tert-butoxide (0.22 g, 2.0 mmol) and solvent-free butyllithium (2.0 mmol; see section b) was added to the reaction mixture at -75 °C. The mixture was stirred for 1 min; a sample (2.0 mL) was then withdrawn, diluted with hexane (20 mL) and centrifuged. The clear organic layer was analyzed again by gas chromatography to determine the residual amounts of halotriisopropylsilanes (see Table 4 ). The experiment was repeated using bromotriisopropylsilane and iodotriisopropylsilane instead of fluorotriisopropylsilane. (2) relative to that of the standard were taken as equivalent to the initial amounts of chlorotrimethylsilane and iodomethane in the reaction mixture. Pinenylpotassium in tetrahydrofuran (20 mL), prepared from equimolar amounts of (-)-β-pinene (0.32 mL, 0.27 g, 2.0 mmol), potassium tert-butoxide (0.22 g, 2.0 mmol) and hexane-free butyllithium (2.0 mmol; see section b), was added to the reaction mixture in the course of 15 min at -75 °C. A sample (2.0 mL) was withdrawn again, washed with brine (10 mL) and analyzed by gas chromatography to quantify the amounts of trimethylsilylated derivative 1a and methylated pinene 2 in order to calculate the amounts of unconsumed chlorotrimethylsilane and iodomethane in the reaction mixture.
(e) Reaction of bis(trimethylsilyl) sulfate and dimethyl Sulfate with pinenylpotassium
The experiment was performed analogously as described in the previous paragraph using bis(trimethylsilyl) sulfate (0.48 g, 2.0 mmol) and dimethyl sulfate (0.19 mL, 0.25 g, 2.0 mmol) instead of chlorotrimethylsilane and iodomethane.
(f) Reaction of methyl trimethylsilyl sulfate with pinenylpotassium A solution of potassium tert-butoxide (1.1 g, 10 mmol), (-)-β-pinene (1.6 mL, 1.3 g, 10 mmol) and nonane (1.0 g) in tetrahydrofuran (10 mL) was added to hexane-free butyllithium (10 mmol; see section b), and kept in a dry ice/toluene bath. After 6 h at -75 °C, the reaction mixture was treated with methyl trimethylsilyl sulfate (1.8 g, 10 mmol) in the course of 1 min, and allowed to warm up to 25 °C. Water (2.0 mL) was then added and the suspension was filtered. 
Computational details
The geometry of methyl trimethylsilyl sulfate was optimized with the TURBOMOLE 6.3.1 suite of programs (COSMOlogic GmbH & Co. KG, D-51381 Leverkusen) with the TPSS-D3(BJ) functional 39 and def2-TZVP basis sets. Convergence criteria were 10 -6 Hartree and 10 -3 atomic units as the maximum norm of the Cartesian gradient. The electrostatic potential map was superimposed on the isodensity surface of the structure with an isovalue of 0.002, and was probed with a positive point charge along the Si-O and C-O bonds of the silyl and methyl electrophilic sites, respectively.
